Immunocytokines are fusion proteins that combine the specific antigen binding capacities of an antibody or derivative thereof and the potent bioactivity of a cytokine partner. These novel biopharmaceuticals have been directed to various targets of oncological as well as non-oncological origin and a handful of promising constructs are currently advancing in the clinical trial pipeline. Several factors such as the choice of a disease specific antigen, the antibody format and the modulatory nature of the payload are crucial, not only for therapeutic efficacy and safety but also for the commercial success of such a product. In this review, we provide an overview of the basic principles and obstacles in immunocytokine design with a specific focus on single chain antibody fragment-based constructs that employ interleukins as the immunoactive component.
Introduction
At the dawn of the 20th century, German physician and scientist Paul Ehrlich postulated the existence of specific receptors which were either cell associated or distributed in the blood stream. He proposed that these "side-chains of immunity" would respond to their specific antigens which were first thought to encompass toxins and nutrients, but were later extended to include drugs of all kinds. 1 Following the replacement of the term "side-chain" with "receptor," Ehrlich further developed his immunological theories and was awarded the Nobel Prize for Physiology/Medicine in 1908 for his achievements. Based on his experience with hundreds of different dyes for the staining of cellular structures, the concept of the "Zauberkugel," the portentous "magic bullet", emerged. 2 According to this idea, the directed obliteration of invading parasites should be achievable by targeting receptors that are not shared with the host. This would potentially diminish the probability of causing adverse effects in patients and contribute to an improved therapeutic index. More than a hundred years later, Ehrlich's concept has proven to be vital in the combat of infectious and non-infectious diseases alike and is more than ever exemplified by the use of monoclonal antibodies (mAb) and derivatives thereof aiming at an astonishing range of targets. 3, 4 In view of the relative success of antibody-drug conjugates to specifically deliver chemotherapeutic and radioactive payloads to various cancerous 5 and non-cancerous 6,7 maladies on one hand and the proven pharmacological efficiency of immunomodulatory proteins (cytokines) on the other, a new class of therapeutics emerged two decades ago. 8 These fusion
proteins were referred to as "immunocytokines" and
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combined the targeting moiety of mAbs or antibody fragments with the beneficial effects of pro-inflammatory (e.g. interleukin (IL)-2) or anti-inflammatory (e.g. IL-10) cytokines. As the antibody format and the choice of the "payload" can have a profound impact on the overall performance and the mode of action of the immunocytokine, this review provides an overview of existing molecular arrangements in the preclinical and clinical phase setting, with a specific focus on those that employ single chain antibody fragments (scFvs) as their targeting moiety and interleukins as the biologically active component.
The rationale of targeted cytokine delivery
Cytokines are generally present as soluble factors that can act as regulators and mediators of the innate and the adaptive immune systems but have also been found to play a role in tissue homeostasis such as in hematopoiesis.
They are able to function locally as autocrine, juxtacrine or paracrine response modifiers and unfold their effects upon interaction with their specific receptors expressed in the cell membranes of their target cells. The classification of peptide signaling molecules as hormones rather than cytokines is not clear cut, since the receptors for peptide hormones and cytokines are closely related structurally 9 and the sites of synthesis and action of both cytokines and some peptide hormones (e.g. growth hormone and prolactin) known to be diverse. 10 Moreover, it is now known that peptide hormones operate through both paracrine and juxtacrine, as well as endocrine mechanisms. In contrast to hormones, cytokines are not secreted by cells of special glands and affect a range of biological processes such as inflammation, wound healing, organogenesis, and oncogenesis. 11, 12 The potential of cytokine-based immunotherapy was initially exemplified by the approval of recombinant interferon a (IFN-a) for various indications including high-risk melanoma, non-Hodgkin lymphoma (NHL), renal cell carcinoma (RCC), hairy cell leukemia or chronic viral hepatitis, 11, 13 followed by the introduction of IL-2 (Aldesleukin) into the clinic.
14 By now, a considerable number of different interleukins (IL-7, IL-10, IL-12, IL-15, IL-21), interferons (IFN-b for multiple sclerosis, IFN-c for chronic granulomatous disease), 15 and cytokines of the tumor necrosis factor (TNF) family (TNF-a in irresectable soft tissue sarcoma and TNF-related apoptosis-inducing ligand (TRAIL) in various cancers) have been approved or are currently advancing through clinical trial pipelines. 16, 17 However, systemic administration of these drugs often results in dose-dependent off-target and adverse effects which may prevent dose escalation to therapeutically effective regimens in many cases. This is especially true when it comes to the treatment of malignancies that require a high local concentration of the cytokine. As they are pleiotropic in nature with functional redundancies, adverse effects of different cytokines can overlap. Examples include the induction of fever and flu-like symptoms but also more severe hematologic, endocrine, pulmonary, autoimmune, neurologic, and even psychiatric events. 18 Consequently, genetic fusion of the cytokine of interest with a suitable antibody capable of targeting the site of the disease and/or the specific cells involved in pathology, whilst reducing activity in unaffected tissues, should in theory increase the therapeutic index by localizing the biological activity of the payload. Thus, a substantial broadening of the therapeutic window is expected.
Formats and characteristics of immunocytokines
A variety of different mAbs and recombinant antibody formats have been considered for immunocytokine development in the past. In principle, they can be divided into seven groups according to their structural features, comprising either (1) intact IgG molecules, (2) scFv-Fc molecules (3) small immunoproteins (minibodies) (4) the Fc fragment of an immunoglobulin, (5) mono-and bivalent antigen binding fragments (Fab and F(ab 0 ) 2 ), (6) scFvs, and (7) diabodies and tribodies. Compared to scFvs, diabodies and tribodies exhibit an increased valency for the targeted antigen which consequently leads to an augmented avidity. Additionally, the composition of the final product is also influenced by the cytokine itself and greatly depends on the number of monomeric units that are required to form a fully functional cytokine assembly. While many cytokines act as monomers (e.g. IFN-a, IL-2), some are only active when present as homodimers (e.g. IFN-c, IL-22), heterodimers (e.g. IL-12 and IL-27), or homotrimers (e.g. TNF-a). [19] [20] [21] This has to be taken into account when designing novel constructs as the use of a homodimeric cytokine with an scFv for example will generate a fusion protein that is bivalent for the antigen with increased overall size. By analogy, trivalent single chain derivatives have also been produced fusing a TNF-a monomer to an scFv. Homotrimeric assembly was facilitated by the cytokine moiety of the construct. 22 The ultimate choice of the immunocytokine format has to be considered carefully and depends on a variety of factors. Intact IgG molecules are generally of larger size (150 kDa) which contributes to a longer circulatory halflife but diminishes tissue penetration. 23 The primary reason for the increased circulatory persistence can be found in the presence of the Fc component involved in neonatal Fc receptor binding and recycling. Consequently, Fc domain fusions are often used to increase the half-life of cytokines, but alone do not provide targeting specificity. 23 By contrast, Fc receptor binding can negatively influence in vivo half-life by increasing blood clearance as shown for an IL-2-based immunocytokine. 24 However, the Fc fragment in context of an intact targeting domain can contribute to anti-tumor activity by the recruitment of antibody-dependent cellular cytotoxicity (ADCC) and complement-dependent cytolysis (CDC). 25 Thus, pharmacologic activity of an IgG-based immunocytokine does not only rely on the cytokine alone, but might be further modified by the immunoglobulin moiety. 26 Interestingly, employing antibodies for the delivery of the cytokine does not always occur in a targeted way. Due to their size, full-length antibody constructs might face several limitations when directed against antigens located in the extravascular or perivascular space. In order to reach them efficiently, immunocytokines are Fercher et al. Evolution of the magic bullet 167 required to leave the vascular environment and localize at the site of the disease. 27 Apart from large size, extensive glycosylation and extreme pI values, a systemic excess of cytokine receptors or circulating binding proteins and persistent interaction with the Fcc-receptor in other tissues might additionally prevent therapeutic efficiency of IgGbased constructs. [28] [29] [30] Gillies et al. 24 demonstrated that reducing the interaction of the Fc part with its receptor by mutational means contributed to a higher efficiency of an IL-2-based fusion protein. Despite these putative disadvantages in tissue penetration, intact immunoglobulins generally exhibit a better tumor uptake than smaller antibody fragments owing to the extended circulatory half-life. 31 Single-chain fragments are considerably smaller and therefore display better tumor infiltration. Monomeric scFvs have a molecular weight of around 27 kDa and combine the variable domain of the light and heavy immunoglobulin chains connected by a short peptide linker. 32 A single scFv is usually inferior compared to a mature IgG molecule or diabody in terms of avidity due to a monovalent single antigen binding site. This typically translates into reduced retention times at the actual tumor site ( Figure 1) . 33, 34 In an attempt to improve the retention time of scFv immunocytokines, intermediate sized constructs with two (mono-and bispecific diabodies) and even three (tribodies) single chain moieties, scFv-Fc and scFv-CH3 (minibodies) fusions as well as Fab-cytokine combinations have been considered. 35 By contrast, Adams et al. 36 could show that scFvs with extremely high affinity for their tumor antigen displayed impaired tumor penetration properties as they were primarily found to be retained in the perivascular regions of the tumor mass. This has to be taken into account when novel antibodies or derivatives thereof are being developed or an existing one is subjected to in vitro affinity maturation strategies.
In general, tumor infiltration of macromolecular biologics is a highly complex process that involves several steps such as extravasation across tumor capillaries, diffusion, and antigen binding within the tumor interstitium, internalization, and catabolic processing by tumor cells. A detailed discussion about these processes is beyond the scope of this review but can be found in an excellent publication by Thurber et al. 31 While the effect of several different formats have already been explored in animal tumor models, only IgG and scFv-based immunocytokines have progressed into clinical trials so far. 37 A comprehensive overview of different antibody formats and immunocytokines that use scFvs and diabodies as targeting moiety is provided in Figure 2 .
Targeted antigens in oncological malignancies
Selection of an appropriate antigen is crucial when employing immunocytokines in oncological as well as in inflammatory or autoimmune disease applications. In view of the potential toxicities especially for potent proinflammatory cytokines, antigen targets have to be identified that are highly expressed at the site of the disease but are low or absent in normal tissues. Following this paradigm, localized enrichment of the cytokine payload via the antigenbinding moiety can be ensured.
Extensive genetic variations in tumor cells result in remodeling of the tumor proteome, including changes in post-translational modifications, and create a cell surface and secreted proteome that can differ significantly from that found in healthy cells. 38 As a result, various tumorassociated cell surface antigens including the disialoganglioside GD2, the B-lymphocyte antigen CD20, epithelial cell-adhesion molecule (EpCAM), carbonic anhydrase 9 (CAIX) and fibroblast activation protein (FAP) have been targeted by both therapeutic mAbs and immunocytokines. [39] [40] [41] [42] [43] Furthermore, extracellular matrix (ECM) proteins as part of the altered microenvironment of the tumor and nuclear structures emerging from the core of necrotic tumors have also been selected as suitable antigens for therapeutic applications. Employing in vivo biotinylation and mass spectrometry techniques, fibronectin and tenascin (TNC) splice variants were identified as promising ECM tumor markers and accessible targets. 44, 45 In contrast to the splice variants found in the tumor microenvironment, the glycoprotein fibronectin is highly abundant in the ECM of mammalian tissues and in the plasma. However, the aforementioned tumor remodeling events induce the insertion of two additional domains (extradomain A and B -EDA and EDB) into fibronectin which are oncofetal forms normally only expressed in fetal development. 46 Consequently, EDA and EDB splice variants are ubiquitous in solid tumors but virtually undetectable in healthy individuals. Similarly, alternatively spliced isoforms of TNCs arise exclusively at the site of neoangiogenesis in solid tumors. In particular, high expression levels of C domain containing TNC have been detected in perivascular regions of brain and lung tumors. 47 By contrast, antigens released from the necrotic core of certain tumor variants comprise molecules that are present but inaccessible in cells of unaffected tissues. 48 Antibodies targeting not only histones but also extracellular DNA have been described and combined with cytokines for therapeutic applications. 49 Despite promising results in preclinical animal studies concerning a wide variety of cell surface, ECM and nuclear antigens, only some of them have progressed to the clinical trial phase. Notably, 5 out of 12 immunocytokines which have been assessed for their therapeutic potential are directed against splice variants of fibronectin and TNC; five fusion proteins recognize cell surface antigens (CD20, CEA, GD2, FAP and EpCAM); and two constructs detect extracellular DNA released from necrotic lesions. 41, [49] [50] [51] [52] [53] [54] [55] Targeted antigens in non-oncological diseases While the antigens found in chronic inflammatory diseases or auto-immune diseases might be less defined as those that are often found in cancerous tissue, there is an opportunity to target specific differentiation antigens on the cell types critical to pathogenesis of those diseases. Moreover, inflammation per se can be regarded as a common feature shared by both maladies giving rise to a certain redundancy in antigen availability. 56 Regarding cellular structures, neutrophils and macrophages appear to be promising targets as they gather at the site of inflammation in considerable numbers. Despite the fact that many of their surface antigens are additionally expressed on other circulating leukocytes, the Fcc receptor 1 (FccR1 -also known as CD64) has been identified as a promising target in animal models of skin inflammation, rheumatoid arthritis (RA), and ischemia-induced kidney injury. 57, 58 As CD64 is constitutively expressed only on macrophages, monocytes and their progenitors, off-target effects of the immunotoxin used in the aforementioned models seem to be limited. Apart from being used to treat lymphomas and leukemias, targeting the human B-cell surface antigen CD20 has proven valuable for the treatment of autoimmune diseases and chronic inflammatory disorders. As an example, the chimeric mouse-human mAb rituximab is efficacious in seropositive RA by downregulating the B-cell receptor and inducing CD-20-positive B-cell apoptosis. 59 Alternatively, modified components of the ECM, particularly EDA and EDB splicing variants of fibronectin provide interesting targets in inflammatory processes as they could allow adoption of antibodies that have been developed for oncological pharmacodelivery. 60 Along with the extradomain A1 containing isoform of TNC-C, EDA and EDB are not only abundant in solid cancer forms but present a general characteristic of the neo-angiogenesis which is often found in chronic inflammatory disorders. Examples include RA, osteoarthritis (OA), chronic skin inflammation, ulcerative colitis, endometriosis, and vasculopathy. [61] [62] [63] [64] [65] [66] [67] Moreover, oxidative stress has been shown to play a role in remodeling ECM components. In particular, postranslationally modified collagen type 2 (ROS-CII) has been used as an epitope to extract an scFv (1-11E) from a human antibody library that was able to bind to damaged cartilage, a major characteristic in RA and OA. 68 
Potential immunogenicity of antibody fusion constructs
Administration of large molecule-based biotherapeutics has a potential disadvantage compared to traditional small molecule drugs which is the ability to produce immunogenicity against the therapeutic in form of anti-drug antibodies (ADAs). The use of recombinant human cytokines coupled to humanized or fully human antibodies and antibody fragments does not necessarily guarantee central tolerance in human patients and has the capacity to prevent potentially promising molecules from being used in the clinic. This aspect becomes important if a therapeutic protein is intended to serve as long-term treatment as ADAs are usually detected within one or two weeks after the first protein administration and are typically boosted by subsequent medication cycles. Notably, a neutralizing response can not only decrease the efficacy of biotherapeutics but also elevate the risk for adverse events such as anaphylaxis, infusion reactions, or immune-complex-mediated diseases. 69, 70 With regards to mAbs, 84% of patients showed a positive ADA response for murine-derived antibodies which was diminished to 40% for chimeric antibodies and further reduced to 0-12% for humanized and fully human products. 71 In a unique case, even a fully human therapeutic antibody such as ATR-107 (an anti-IL-21 receptor antibody) was found to elicit ADAs in a high number of healthy subjects. 72 Additionally, examples of immunogenic recombinant human cytokines such as IL-2, 73 INF-b, 74 INF-a, 75 and GM-CSF 76 can be found in the literature. This seems somewhat surprising as the primary sequence of these proteins is essentially human. Nevertheless, differences in secondary, tertiary, and surface structures (i.e. glycosylation patterns) owing to heterologous expression in bacterial, mammalian or insect cell lines might be sufficient to elicit a neutralizing immune response. Furthermore, and this is particularly important in the area of immunocytokines, linker sequences may represent a target epitope for ADAs as they are designed to provide certain characteristics (e.g. flexible separation of two domains) rather than low immunogenicity. A strategy to circumvent this problem may be the selection of natural linker sequences that connect individual domains in native proteins as they are expected to exhibit lower immunogenicity then artificial sequences. By contrast, widely used flexible (Gly4Ser)n linker might also be considered as they have a low antigenicity due to lacking hydrophobic side chains needed to provide binding affinity.
When it comes to the prediction of immunogenicity of a certain biotherapeutic, animal models are of limited use as they will not be tolerant to human proteins. However, transgenic mice and xenograft transplantation models have been introduced and proven to be of some value, especially during the assessment of antibody products. 77, 78 Alternatively, non-human primates have been employed as a model system but also face significant limitations. Apart from ethical issues that arise from the use of these animals in preclinical trials, their MHC molecules have been found to be surprisingly different to the human equivalent. Thus, they seem less suited for the evaluation of immunogenicity than efficacy. 79 Advances in computational prediction algorithms have enabled high throughput screening of peptides in silico. 80 These methods provide the advantage of rapidly screening large numbers of potential candidates for their ability to bind to MHC class II molecules. However, a high level of false positives is not uncommon as not all binders eventually trigger a T-cell response. 81 Consequently, T-cell culture systems can be used complementary to overcome some of the in silico limitations by providing means to directly measure antigen specific activation of T-cells. 82 Recently, novel tools were developed to assess DC binding, intracellular trafficking, and activation as therapeutic proteins that efficiently interact with the antigen presentation machinery may potentially enhance immunogenicity. 72 In order to reduce the immunogenicity of protein therapeutics, depletion of T-cell epitopes identified by in silico amino acid sequence analyses and in vitro T-cell-based assays has proven to be a promising strategy. 83 While this approach seems to work particularly well for the deimmunization of antibodies, immunogenicity of humanized and fully human products often resides in the CDR regions. 84 As these areas confer both specificity and affinity for the antigen, modifications can potentially lead to diminished bioactivity but also introduce de novo CD4þ T-cell epitopes. Careful optimization by using a combination of computational and in vitro cell-based assays is crucial to reduce immunogenicity of a product that has been shown promising bioactivity in preclinical and clinical studies but has concerns due to considerable immunogenicity. 84 Single chain fragment-based immunocytokines in the preclinical and clinical trial setting While a large number of different antibody formats and cytokines have been used to generate novel fusion constructs, the following section only focuses on those that employ monomeric scFvs and homodimeric diabodies as a targeting moiety and interleukins as the bioactive component. A comprehensive list of immunocytokines discussed in this section can be found in Table 1 .
IL-1b fusion constructs
In contrast to its membrane-bound agonist IL-1a, IL-1b is a soluble protein and can therefore act systemically. Both proteins are part of the IL-1 family whose 11 members interact with the IL-1 receptor that exists in two different forms. This is indicative of the pleiotropic nature of IL-1 which has been found to be involved in multiple biological processes such as regulation of the immune response, hematopoiesis, and inflammation. While receptor type I primarily mediates inflammatory stimuli of IL-1, type II receptor abolishes IL-1 activity together with the corresponding receptor antagonist. 120 Therapeutic efficiency of recombinant human IL-1b (rhIL-1b) in patients with metastatic or unresectable solid tumors was tested in a phase I clinical trial, evaluating dose levels up to 200 ng/kg. Despite remarkable hematologic effects, extensive toxic side-effects at all tested dose levels restrict the usefulness of rhIL-1b as a systemically applied drug. 121 So far, only preclinical data for an IL1b-based immunocytokine are available. A fusion construct with the F8 antibody (a monospecific diabody) that recognizes the EDA variant of fibronectin was tested in immunocompetent mice bearing subcutaneously grafted F9 teratocarcinomas. A 10% body weight loss at a 5 lg dose and less than 50% inhibition of the tumor growth rate was observed. This efficacy is substantially lower than previous reports for closely related proinflammatory immunocytokines (e.g. F8-TNF-a) and argues against translation of IL-1b-F8 into clinical trials at the moment. 85 
IL-2 fusion constructs
IL-2 is a potent stimulator of the immune system with a pleiotropic set of roles. Its functional repertoire comprises the activation of natural killer (NK) cells, monocytes and cytotoxic T-cells as well as the induction of lymphokineactivated killer cells. Hence, IL-2 can unfold its anti-tumor effect either directly or indirectly by inducing apoptosis of tumor cells or recruiting cytotoxic cells such as NK cells, macrophages, and cytotoxic T lymphocytes (CTL). 122 Structurally, IL-2 is essentially a four-helix bundle protein that is stabilized by a disulfide bond and interconnected by short loops. The IL-2 family also comprise five additional cytokines (IL-4, IL-7, IL-9, IL-15, and IL-21) which all share a common receptor subunit (IL-2 receptor c chain) and play a major role in promoting and maintaining T lymphocyte populations. 19 IL-2 has been shown to have a profound effect on metastatic cancer at the expense of severe toxicities such as capillary leak syndrome, hypotension, fever, and nausea. 18, 123 Therefore, it is the most extensively researched cytokine in terms of different immunocytokine fusion formats with vast preclinical and clinical trial data available. A considerable number of different formats were evaluated and their performance comprehensively reviewed elsewhere. 8, 25, 35, 60, 124, 125 Initial attempts to combine IL-2 with an anti-placental alkaline phosphatase (PLAP) scFv targeting PLAP-expressing tumors have been undertaken more than two decades ago. 86, 87 Since then, the cytokine has been fused to many single-chain fragments targeting a diverse selection of tumor antigens such as EDA and EDB splice variants of fibronectin, TNC A1, EpCAM, and a-folate receptor (a-FR). [88] [89] [90] 94, 99 In these studies, antigen specificity and bioactivity of the fusion constructs were retained upon purification and beneficial anti-tumor effects were demonstrated in mouse tumor models. As an example, the EDA-targeting immunocytokine F8-IL-2 induced substantial local changes within immune effector cell populations in a metastatic murine model of non-small cell lung cancer (NSCLC), demonstrating its potential as monotherapy for the treatment of this indication. 90 Notably, attempts have been made to fuse the F8-IL-2 cytokine with the disulfide-linked maytansinoid DM1 microtubular inhibitor in order to create a trifunctional immunocytokine-drug conjugate (IDC). In a syngeneic C1498 mouse model of AML chloromas, the IDC demonstrated potent therapeutic activity at very low doses and even cured some of the treated mice. Thus, it has been suggested that the combination of chemotherapeutics and immunocytokines in a single molecular entity could be of potential value for the therapy of AML in future clinical studies. 126 In terms of therapeutic efficacy, the most promising and advanced candidates among scFv-based IL-2 immunocytokines recognize the EDB variant of fibronectin (scFv L19 -Darleukin) and the alternatively spliced A1 domain of TNC (scFv F16 -Teleukin), respectively. 99, 127 Both constructs were developed in the non-covalent, homodimeric diabody format and are owned by the Italian-based biotech company Philogen (http://www.philogen.com/en/). L19-IL-2 was evaluated as a single agent against metastatic renal cell carcinoma (mRCC) and combined with dacarbazine for the treatment of metastatic melanoma in clinical phase I studies. 91, 92 When used as a monotherapeutic, 83% of mRCC patients showed stable disease after two cycles of treatment. Combination therapy with dacarbazine induced a 28% objective response among 29 metastatic melanoma patients. Based on these initial results, L19-IL-2 was further tested in phase II clinical trials in patients with metastatic melanoma alone 95 and in combination with another immunocytokine (L19-TNF-a; Fibromun). 51 Currently, the combinatorial treatment of malignant melanoma with Darleukin and Fibromun is evaluated in clinical phase III trials (NCT02938299). Moreover, L19-IL-2 combination with rituximab (anti-CD20) is currently being assessed in clinical phase I/II trials (NCT02957019) based on encouraging preclinical results using localized and systemic xenograft models of NHL where a complete eradication of the B-cell lymphoma xenografts was observed. 93 Apart from being useful in the treatment of certain cancers, the L19-IL-2 fusion protein has also been tested in a mouse model of atherosclerosis where it produced rapid shrinkage of atherosclerotic plaques via expansion of regulatory T-cells.
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F16-IL-2 has been proven valuable in combination with the cytostatic chemotherapeutics doxorubicin or paclitaxel for the treatment of various types of cancer. 96, 98 Dose escalation studies within phase Ib/II clinical trials have been performed involving patients with advanced solid tumors and metastatic breast cancer, respectively. These studies yielded a recommended dose of 25 MIU F16-IL-2 which can be safely and repeatedly administered. 97 Furthermore, efficiency in a hematologic setting has been reported targeting acute myeloid leukemia (AML). Four patients with relapsed AML after allogeneic hematopoietic stem cell transplantation experienced encouraging responses upon infusion of F16-IL-2, owing to an extensive infiltration of immune effector cells in the bone marrow. 52 Phase I clinical trials of F16-IL-2 in combination with cytarabine are currently in planning (NCT02957032). Furthermore, combinatorial treatment of AML with F16-IL-2 and the CD33 targeting antibody BI 836858 is currently administered in a phase I clinical trial to find and investigate a safe dose of both biologics (NCT03207191).
IL-4 fusion constructs
IL-4 is a potent regulator of humoral and adaptive immune responses and acts by stimulating proliferation of activated B-cell and T-cells. IL-4 is a member of the IL-2 cytokine family and signals through the IL-4 receptor alpha chain (IL-4Ra) which dimerizes with the common gamma chain on hematopoietic cells or with the IL-13 receptor alpha 1 (IL-13Ra1) on non-hematopoietic cells. 129 In general, IL-4 is closely related to IL-13 as the two cytokines share many biological and immunoregulatory functions on B-lymphocytes, monocytes, dendritic cells (DCs), and fibroblasts. 130 Accordingly, a significant similarity in their folding topology was observed. 131 In view of its anti-inflammatory effect, IL-4 represents an attractive payload for immunocytokines in certain inflammatory and autoimmune disorders. Consequently, IL-4 has been fused to an antibody in the diabody format that targets the alternatively spliced A domain of fibronectin (F8-IL-4 -Tetravil). This construct has been initially found to be therapeutically active in immunocompetent murine models of skin inflammation, confirming previous observations of beneficial effects of non-targeted IL-4 in patients suffering from psoriasis. 66 Promising results were also obtained using F8-IL-4 in preclinical studies in mice with experimentally induced endometriosis in which a significant inhibition of the development of endometriotic lesions was observed. 103 Moreover, the cytokine has been shown to selectively localize to arthritic sites in a collagen-induced RA model in mice. Most importantly, when used in combination with the glucocorticoid dexamethasone, 100% of treated mice showed a complete remission of the disease. A cytokine analysis of the paws of the animals at the end of the experiment confirmed that the treatment caused a durable normalization of cytokine concentrations, indicating the absence of inflammatory processes. 100, 102 Fueled by these encouraging results, Tetravil is currently being prepared for clinical testing in patients suffering from endometriosis and RA. 132 Besides its usefulness in non-oncological pathologies, F8-IL-4 also inhibited tumor growth in three different immunocompetent mouse cancer models. Furthermore, combination therapy with an IL-12-based immunocytokine resulted in a complete eradication of solid tumors in the same setting. 101 
IL-6 fusion constructs
IL-6 is a cytokine with a pleiotropic set of immunomodulatory functions and confers context-dependent pro-and anti-inflammatory effects. Thus, IL-6 has been considered as an interesting target for pharmacological applications. It is synthesized by almost all stromal and immunological cells with IL-1b and TNF-a being major inducers of expression. 133 Apart from being an important factor in host defense mechanism, it is as well associated with the pathology of many inflammatory disorders and autoimmune diseases such as RA and psoriasis. 134 It has been demonstrated that untargeted systemic application of recombinant IL-6 generates a beneficial response in syngeneic murine cancer models with an even more pronounced effect when used in combination with sub-therapeutic doses of TNF-a. 135 By contrast, high IL-6 serum levels and tumor promoting activities have been repeatedly reported. Consequently, current preclinical and clinical studies are predominantly designed to explore blocking of IL-6 signaling pathways as potential anti-cancer strategies. 136 In fact, only one IL-6-based immunocytokine has so far been characterized in therapeutic studies in an immunogenic murine model of cancer, employing the F8 antibody in diabody format as targeting moiety. However, the F8-IL-6 construct exhibited only a modest inhibitory effect on the tumor growth rate (<50%) and a poor increase in survival. 85 
IL-7 fusion constructs
IL-7 is considered to be a potent pro-inflammatory immune regulator. It is mainly produced by stromal cells in the bone marrow and thymus rather than in leukocytes. Nevertheless, small amounts are also synthesized in DCs and IL-7 has been found to facilitate the development of lymphocytes and regulate naïve and memory CD4 and CD8 T-cell homeostasis. Moreover, elevated levels of the cytokine are associated with certain forms of solid and hematological malignancies. The mechanism of the influence of the protein upon tumor cell expansion is not yet fully understood. 137, 138 IL-7 signals through the IL-7 receptor (IL-7R) which is a heterodimeric complex of the IL-7R a-chain and the common receptor c-chain. 139 Initial attempts to fuse the murine IL-7 (mIL-7) to the F8 antibody in a non-covalent diabody format (targeting the alternatively spliced EDA domain of fibronectin) resulted in poor biodistribution to grafted F9 teratocarcinomas in athymic and immunocompetent mice. This effect was concentration dependent and led to the conclusion that the fusion protein might get captured by IL-7R in normal tissue. This inadequate tumor targeting was paralleled with an insufficient therapeutic effect. Further efforts to improve the immunocytokine format eventually culminated in a product with the F8 antibody fragment fused to the N-and C-terminus of mIL-7 resulting in a bispecific fusion construct comprising one mIL-7 molecule (F8-mIL7-F8) . However, statistically significant retardation of growth of the F9 carcinomas could only be achieved in immunocompetent mice. These effects were also observed when coupling IL-7 to an scFv in the same format but with irrelevant specificity. Hence, IL-7 might only exhibit limited potential to serve as a payload in immunocytokine applications. 104 
IL-9 fusion constructs
IL-9 is a small (126 residues without the signal peptide) cytokine that is secreted by T helper cells and acts on a variety of hematocytes in a regulatory fashion. Notably, the human IL-9 sequence comprises four distinct N-glycosylation sites, while O-linked glycans seem to be absent. This marks it as considerably different from other cytokines. 105 IL-9 functions through interaction with the IL-9 receptor (IL-9R) in complex with the common cytokine receptor c-chain subunit. 140 IL-9 was shown to mediate a robust tumor immunity response to B16F10 melanoma in mice. 141 However, IL-9 levels were also linked to increased proliferation rates in murine T and B cell lymphomas and further associated with myeloid malignancies and Hodgkin disease. 142, 143 To further evaluate the T-cell mediated anticancer potential of the cytokine, IL-9 was fused to the C-terminus of the F8 diabody. Surprisingly, biodistribution analysis of the resulting immunocytokine suggested that efficient targeting of a subcutaneously grafted F9 teratocarcinoma in mice is highly dependent on the production method of the fusion protein construct. While transient expression methods in CHO cells yielded a product that selectively localized to the tumor, protein expressed from stably transfected cell lines failed to do so. This was explained with a difference in the glycosylation profile of the two otherwise identical constructs and highlights the importance of glycosylation in terms of biodistribution and systemic clearance of immunocytokine products. No data on the efficacy of F8-IL-9 regarding tumor growth inhibition were reported. 105 
IL-10 fusion constructs
IL-10 is an important anti-inflammatory cytokine and exhibits a strong immunosuppressive activity profile. It is a prominent member of the IL-10 family of cytokines which further includes IL-19, IL-20, IL-22, IL-24, IL-26 and type I, II, and III interferons. 144 While IL-10 is present as a homodimer in solution, two IL-10 dimers are needed to activate the corresponding IL-10 receptor which consists of two molecules of the high affinity IL-10 receptor 1 chain and two molecules of the low affinity IL-10 receptor 2 chain. 145 IL-10 is a cytokine with a pleiotropic set of functions and has a profound impact on immunoregulation and inflammation, with autoimmunity evolving in its absence. Secreted by diverse T-cell subpopulations, B-cells, macrophages, monocytes, DCs, NK cells, mast cells, neutrophils and eosinophils, IL-10 primarily acts on monocytes where it regulates the production of MHC class II and costimulatory molecules. Furthermore, it downregulates the expression of IL-1b and TNF, thus counterbalancing a proinflammatory response. 146 There are basically two roles of IL-10 in immunemediated diseases. On one hand, disorders can be caused by an overproduction of the cytokine which results in undesired immuno-suppressive effects that can promote growth of certain types of cancer. Examples include lupus erythematosus, EBV-associated lymphomas, and skin malignancies such as melanoma. 147, 148 On the other hand, a relative or absolute IL-10 deficiency translates into a persistent activation of the immune system as seen in chronic inflammatory bowel disease, psoriasis, and RA. 149 Consequently, pharmacologic effects of IL-10 were explored in a handful of chronic inflammatory disorders. While treatment of mice with type 2 collagen-induced arthritis yielded some promising results, recombinant human IL-10 did not show any improvement in RA patients. [150] [151] [152] In an attempt to overcome some of the clinical limitations of the cytokine, IL-10 was fused to an scFv derived from the L19 antibody (recognizes the alternatively spliced extra-domain B of fibronectin). Upon intravenous administration in a murine model of RA, this immunocytokine exhibited superior activity when compared to untargeted IL-10 and led to an improvement of the arthritic score and a reduction of paw swelling. 61 By contrast, while L19-IL-10 was shown to specifically target chronically inflamed skin in vivo, no improvement of inflammatory processes could be detected in the same mouse model. 62 Another immunocytokine targeting the extra-domain A of fibronectin (F8-IL-10 -Dekavil) showed even more promising results in dose escalating studies, particularly when used in combination with methotrexate (MTX) in RA patients. Signs of beneficial therapeutic effects were already observed at low drug doses in clinical phase Ib trials with no dose limiting toxicities (DLTs) or adverse events recorded. 153 At present, F8-IL-10 is further investigated in phase I clinical trials to study its safety and efficacy when administered subcutaneously in combination with MTX (NCT02076659).
Moreover, virally encoded IL-10 (vIL-10) fused to an antibody fragment (1-11E) against ROS-CII was shown to specifically localize to inflamed arthritic joints. 68 Treatment efficiency in a mouse model was stable for several days and serum levels of pro-inflammatory cytokines were significantly lower compared to the control group treated with an vIL-10 immunocytokine of irrelevant specificity. Additionally, an accelerated reduction of knee-joint swelling and redox state was observed. 107 
IL-12 fusion constructs
IL-12 is a heterodimeric pro-inflammatory cytokine and represents an important link between innate resistance and adaptive immunity. It is mainly produced by DCs and phagocytes as a response to invading pathogens during infections where it regulates NK cells and T-cell activation. IL-12, together with IL-2 initiates differentiation of T H 1 which in turn induces production of the main effector cytokine IFN-c. The cytokine signals through the IL-12 receptor which is composed of the two distinct subunits IL-12Rb1 and IL-12Rb2. IL-12 is the eponymous cytokine of the IL-12 family which further includes the heterodimeric members IL-23, IL-27, and IL-35 that partly share their individual subunits amongst each other. IL-12 comprises the p40 and p35 subunit which are interconnected and stabilized by a disulfide bond. 20, 154, 155 With regard to its ability to activate both innate and adaptive immunities, IL-12 appeared to represent a promising candidate for cancer immunotherapy. However, only low anti-tumor effects were observed in clinical trials which were often paralleled with unacceptable toxicity levels. Thus, the development of more targeted approaches seemed plausible. 156 Due to its heterodimeric nature, development of IL-12-based immunocytokines turned out to be rather challenging as the end products were prone to form high molecular weight aggregates that are biologically inactive. Thus, various immunocytokine formats have been developed in which both subunits are genetically connected by a peptide linker. This single chain IL-12 construct was linked to the scFv of the L19 antibody, specific for the EDB variant of fibronectin. Compared to an IL-12-based immunocytokine of irrelevant specificity, L19-IL-12 displayed markedly superior anti-tumor activity in a murine lung-metastasis model and in two different subcutaneous tumor models in immunocompetent animals. The treatment induced recruitment of macrophages, lymphocyte-activate killer (LAK) cells, NK cells, and T lymphocytes to the tumor environment, and stimulated IFN-c secretion in the tumor mass and blood. 157 When used in combination with the homotrimeric immunocytokine L19-TNF-a, anti-tumor activity of L19-IL-12 could even be potentiated. 108 Further improvement could be achieved by constructing a bispecific variant of the L19-IL-12 construct with one scFv fused to both, the p35 and the p40 subunits (L19-p35-p40-L19). 29 A similar approach was chosen when combining the EDA variant of fibronectin targeting antibody fragment F8 and IL-12. In this construct, the p35 and p40 subunits were separately fused to one F8 scFv each and supplied on two distinct expression vectors to form a heterodimeric and bispecific immunocytokine via the original disulfide bond in vivo. Despite the biochemical challenges of this strategy in terms of gene dosage effects and correct heterodimer formation, selective accumulation at the vascular structures of the tumor and excellent tumor uptake of F8-IL12-F8 was described. 109 In a follow-up study, the initial construct was compared to similar immunocytokines either comprising one IL-12 heterodimer and two distinct F8 scFv moieties (IL12-F8-F8) or two IL-12 heterodimers and F8 in a (noncovalent) diabody format (IL12-F8-F8-IL12), respectively. While the diabody construct failed to localize at the tumor site, a murine variant of IL12-F8-F8 mediated significant tumor retardation in immunocompetent mice bearing subcutaneous F9 teratocarcinoma. Moreover, combination treatment with paclitaxel resulted in long-lasting tumor growth control with 50% of the treated mice being cured. 110 An enhanced anti-tumor immune response was also observed when targeting IL-12 to HER2 (also known as ErbB-2) which is frequently overexpressed in epithelial cancer cells. Intramuscular electrogene transfer of an expression vector coding for a antiHER2scFv-IL-12 fusion construct in a syngeneic murine bladder tumor model resulted in significantly reduced tumor growth and prolonged survival of the treated animals. Again, elevated IFN-c levels and increased infiltration of T lymphocytes were observed. 111 IL-12 has also been investigated in combination with a CD30-targeting antibody fragment (HRS3-IL12). Binding to CD30þ H/RS cells was confirmed and the therapeutic suitability of the construct against Hodgkin lymphoma was suggested. 112 Another IL-12-based immunocytokine in scFv format (IL12-SS1) was developed against the membraneanchored glycoprotein mesothelin which is abundantly expressed at the cell surface of malignant mesothelioma. The bioactivity of the resulting product on established mesothelioma was investigated in a nude mouse model where it caused significantly retarded tumor growth. However, despite the findings that the activity of the insect cell-produced fusion protein was not significantly higher than an immunotoxin based on the same scFv fragment, white blood cell levels were elevated by about two-fold upon administration of the immunocytokine. 113 Surprisingly, despite the vast amount of preclinical data available for IL-12-based immunocytokines in the scFv format, only two constructs harboring whole IgG antibodies (BC1-IL-12 and NHS-IL-12) have advanced to the clinical trial phase so far (NCT02994953 and NCT01417546 for NHS-IL-12 trials in solid tumors). 158, 159 IL-13 fusion constructs IL-13 has a variety of immunoregulatory functions and is mainly produced by activated T H 2 lymphocytes. While it was initially thought to be functionally redundant to IL-4, it became clear that IL-13 is a crucial mediator in the pathogenesis of allergic inflammation with a number of distinct functions. The cytokine signals through the common IL-4Ra subunit but additionally requires binding of the proteins IL-13Ra1 and IL-13Ra2 to constitute a fully functional signal transduction complex. 160 The IL-13 receptor has been found on multiple cell types such as B-cells, basophils, eosinophils, mast cells, monocytes, macrophages, fibroblasts, endothelial and mucosal epithelial cells and smooth muscle cells but, unlike the IL-4 receptor complex, seems to be absent from T-cells. Consequently, IL-13 seems to be involved in the effector phase of an allergic response rather than in initial differentiation of CD4þ lymphocytes in T H 2-type cells. 161 Application of IL-13 has been shown to exhibit beneficial effects on tumor growth by inhibition of cell proliferation in several different cancer models. 162, 163 Thus, the cytokine was considered as a promising payload in the immunocytokine format.
Murine IL-13 (m-IL13) was genetically fused to the F8 antibody in the diabody format, targeting the oncofetal EDA domain of fibronectin. In this construct, the cytokine payload was attached to the C-terminus of the variable light chain, giving rise to mIL13-F8-F8-mIL13 (subsequently referred to as F8-IL13 for simplicity). In accordance with similar F8-based immunocytokine constructs, F8-IL13 was found to selectively localize to tumor blood vessels in two immunocompetent mouse cancer models (F9 teratocarcinoma and Wehi-164 fibrosarcoma). It exhibited a potent antitumor activity but failed to cure the cancer completely. When administered in combination with murine IL12-F8-F8, however, a long-lasting eradication of both tumors could be observed in a high proportion of treated animals. Furthermore, rejection of the Wehi-164 fibrosarcomas in the corresponding cohort of mice suggested induction of a protective immune response. In vivo depletion experiments revealed that F8-IL13 mediated the anti-tumor activity primarily through activation of CD4þ T-cells. 114 
IL-15 fusion constructs
IL-15 features a potent pro-inflammatory activity and is expressed in a considerable number of different tissues. However, translation of the cytokine is mainly limited to monocytes, macrophages, and DCs. IL-15 is a member of the IL-2 family of cytokines and interacts with the heterotrimeric IL-15 receptor. This receptor complex is composed of the IL-15 specific a subunit, the b subunit (shared with IL-2), and the c subunit (shared with IL-2, IL-4, IL-7, IL-9, and IL-21). As a consequence of sharing common receptor components, IL-2 and IL-15 display certain functional redundancies which include stimulation of activated T-cell proliferation and augmented production of immunoglobulins in B-cells. 164 Notably, IL-15 induces proliferation of NK cells and facilitates survival of stem, central, and effector memory CD8þ T-cells. Thus, it was considered as a promising cytokine for the treatment of various metastatic malignancies. Although IL-15 has a better safety profile compared to IL-2 in preclinical and phase I clinical trials, various potential side-effects such as atherogenic effects, induction of systemic inflammation as well as autoimmunity and metastasis of certain tumor cells were identified upon treatment with the cytokine. 165 Several immunocytokines with whole IgG and scFv antibodies as targeting moiety have been designed and tested in preclinical trials towards their anti-tumor activity so far. [115] [116] [117] [166] [167] [168] One fusion protein employed the L19 derived single-chain fragment to specifically deliver the cytokine payload to the oncofetal EDB variant of fibronectin.
115 IL-15 was linked to either the N-or C-terminal part of the antibody fragment present in the homodimeric diabody format (IL15-L19 and L19-IL15, respectively). Despite displaying a very similar biochemical behavior, only the C-terminal fusion (L19-IL15) showed biological activity comparable to recombinant IL-15 in a cytokine-dependent cell proliferation assay. Deglycosylated IL15-L19, however, was active in the same assay suggesting that a different glycosylation profile influenced bioactivity of the N-terminal fusion construct. Biodistribution of the two proteins was somewhat similar with a slightly better tumor uptake and tumor to blood ratio for L19-IL15. Consequently, only L19-IL15 was pursued in further studies. In order to evaluate the therapeutic value, the immunocytokine was tested in two different immunocompetent mouse models bearing the F9 teratocarcinoma and the C51 colon adenocarcinoma. L19-IL15 achieved significant tumor control in both cancer models and exhibited a clear anti-metastatic activity, particularly in F9 tumors. In vivo T-cell depletion experiments revealed that CD8þ but not CD4þ lymphocytes are crucial for the beneficial effects of this immunocytokine construct. 115 In an attempt to enhance the stimulatory potential of IL-15, Kermer et al. 116 designed immunocytokines comprising a FAP targeting scFv, an extended IL-15Rasushi domain (RD) and IL-15 (scFv-RD-IL-15). Another construct additionally included the costimulatory molecule 4-1BB of the TNF receptor superfamily yielding a trifunctional fusion protein (RD-IL-15-scFv-4-1BB). 117 In vivo analysis of antitumor effects in a B16-FAP lung metastasis mouse model revealed that scFv-RD-IL-15 was superior to similar constructs without the targeting moiety or the RD component. 116 In regard of enhanced proliferation of activated T-cells and expansion of cytotoxic T-cells in vitro, scFv-RD-IL-15 and the trifunctional construct yielded comparable results. However, targeted 4-1BB costimulation was beneficial when the stimulatory activity of IL-15 was limited. Furthermore, the number of lung metastases after treatment with the trifunctional fusion protein was significantly reduced compared to what was achieved with scFv-RD-IL-15 alone. 117 
IL-17 fusion constructs
IL-17A (herein referred to as IL-17) is a homodimeric cytokine with pro-inflammatory activity during extracellular bacterial and fungal infections. Furthermore, excess production has been found in many inflammatory and autoimmune disorders. It is the prototype of the IL-17 cytokine family that further includes IL-17B to IL-17F. 169 IL-17 is secreted by numerous lymphocytes including T H 17 cells, cdT cells, NK cells, and NKT cells. Its biological actions comprise the recruitment and expansion of monocytes as well as neutrophils. Additionally, it enhances the local inflammatory environment by facilitating the production of IL-6 as well as prostaglandin E2 (PGE2) and stimulates T-cell responses. IL-17 elicits its effects through interaction with the IL-17 receptor that is composed of the A and the C chain. Surprisingly, the IL-17 system including the IL-17 receptor appears to be quite unique as it does not resemble any other cytokine family. 170 While IL-17 in particular and the IL-17 pathway in general are recognized as targets in the treatment of chronic inflammatory disorders, its role as a therapeutic agent in cancer-related diseases is still controversial. 171, 172 With this ambiguity in mind, an IL-17-based immunocytokine harboring the single chain fragment of the F8 antibody (specific to EDA of fibronectin) was constructed to investigate potential anti-tumor effects in a targeted approach. In this study, murine IL-17 (mIL-17) was fused to the C-terminus of the scFv, forming a stable homodimer via disulfide linkage upon expression. The bispecific construct was shown to retain binding affinity of the parental antibody and preferably localized to the tumor mass in immunocompetent mice bearing a subcutaneous F9 teratocarcinoma. Although F8-IL17 stimulated tumor angiogenesis and leukocyte infiltration into the tumor mass, no detectable anti-cancer activity was observed compared to the saline control group. In conclusion, employing IL-17 as payload seems of limited use in anti-cancer applications but might prove valuable in stimulating angiogenesis if therapeutically required. 118 
IL-22 fusion constructs
IL-22 is a pro-inflammatory cytokine that plays an important role in host defense at mucosal surfaces as well as in tissue repair and wound healing. It is part of the IL-10 cytokine family and signals through the heterodimeric IL-22 receptor (IL-22R) complex that is composed of the IL-22R1 and the IL-10R2 subunits. 173 Even though it is produced by immune cells such as T-helper subsets and innate lymphocytes, it predominantly acts on non-hematopoietic stromal and epithelial cells. Examples include mainly cells at outer-body barriers in the skin as well as in the digestive and respiratory tract but also in the liver, kidney, and joints. 174 While IL-22 generally acts to strengthen epithelial barrier functions, uncontrolled and disproportionate systemic release has been shown to associate with certain pathologies such as psoriasis-like skin inflammation or increased proliferation of tumor cells. [175] [176] [177] Most notably, the pancreas has been found to be the tissue with the highest levels of IL-22R expression. 178 There, IL-22 triggers a protective and anti-apoptotic response which might be useful during the treatment of pancreatitis. 179 Furthermore, Hasnain et al. 180 demonstrated that IL-22 is able to effectively suppress oxidative and endoplasmic reticulum stress in pancreatic islets. Systemic administration of the cytokine exhibited multiple beneficial effects in a murine high-fat diet (HFD)-induced type 2 diabetes model and led to a fully restored glucose homeostasis and restoration of insulin sensitivity. 180 Similarly, Wang et al.
181
showed that an IL-22-Fc immunocytokine with a prolonged half-life restored glucose control in both HFD-induced and leptin-receptor deficient murine models of type 2 diabetes. However, prolonged administration of high IL-22 doses in human patients might potentially lead to deleterious offtarget effects in other tissues such as increased and uncontrolled cell proliferation in the gut and skin. Thus, work is underway to design and test immunocytokine fusions to minimize off target-effects, while retaining therapeutic efficacy of IL-22 in type 2 diabetes. In another instance, IL-22 was reported to be beneficial in a murine model of colitis. 182 In order to harness and evaluate the pharmacological potential of IL-22 in a targeted manner, immunocytokines featuring the F8 scFv were constructed and therapeutic activity was assessed in mice with dextran sodium sulfate-induced colitis. While N-and C-terminal fusions exhibited equal biochemical characteristics, the N-terminal construct (F8-IL-22) revealed a more selective targeting performance and conferred a faster and more sustained disease recovery. 119 A more frequent dosing regimen could further improve the positive effect of F8-IL22 and pave the way for safety pharmacological studies in non-human primates. 119 
Concluding remarks
The use of immunocytokines for therapeutic purposes is a fast evolving field that has seen the development of various fusion constructs in different topological arrangements. Apart from selecting an appropriate cytokine payload and antigen target, the choice of the antibody format as the directing moiety is of great importance and can have a profound impact on the performance of the whole construct. In general, there appears to be a balance, amongst reported studies, between the usage of whole mAbs and antibody fragments in the preclinical and clinical trial phase. In fact, five out of nine immunocytokines currently investigated in clinical trials employ IgG as the targeting component. Table 2 provides an overview about immunocytokines currently investigated in active clinical trials. However, scFvs and particularly noncovalent diabody formats are becoming increasingly popular as they combine the advantages of a smaller molecule and improved tissue infiltration, with benefits of augmented avidity. In the great majority of cases, immunocytokines are directed against oncological targets but potential applications in chronic inflammatory diseases and autoimmune disorders are gaining increasing attention. Most notably, an IL-4 containing construct led to the complete remission of RA when administered in combination with dexamethasone in a murine model and is now to be tested in clinical trials. 102 Principally, cytokine delivery could be achieved in virtually any pathology where immunomodulatory effects, leukocyte recruitment, and to a smaller extent, tissue homeostasis is considered therapeutically advantageous. Shuttling IL-22 to pancreatic b-cells in order to alleviate oxidative and ER stress symptoms such as poor glycemic control might serve as an example for the latter case. 180 Furthermore, combination of immunocytokines with other therapeutic modalities can greatly enhance the pharmacological effects of the individual partners in a synergistic manner. Consequently, immunocytokines were and are administered in combination with conventional chemotherapeutics or anti-inflammatory drugs in a number of past and current clinical trials. Most notably, combinations of different immunocytokines harboring cytokine payloads with complementary functions have yielded some promising results. This approach is propelled by the observation that bifunctional fusion proteins comprising granulocytemacrophage colony-stimulating factor (GM-CSF) and interleukins can exhibit unique signaling and unexpected biological effects. 183 These "fusokines" exert their mode of action by coupling activated GM-CSF and interleukin receptors together which subsequently triggers unprecedented downstream signaling events. 184 Thus, this specific modulation of the immune response has shown great promise as a potential treatment of certain cancer and autoimmune conditions. 185, 186 Fercher et al . Evolution of the magic bullet 177   ........................................................................................................................................................... 
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In summary, although great progress has been made in engineering and testing a variety of constructs that employ cytokines in general and interleukins in particular, extensive research is required to identify the most suitable oncological and non-oncological targets for a particular payload and a particular disease. This will be imperative to enable translation of the respective immunocytokine from preclinical into clinical practice. 
